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Abstract:

Low power, radar-like EM wave sensors, operating in a homodyne
interferometric mode, can be used to measur e tissue motionsin the human
vocal tract during voiced speech. However, when used in the glottal region
thereremains uncertainty regarding the contributionsto the sensor signal
from vocal fold movements ver susthose from pressureinduced trachea-wall
movements. The signal source hypotheses weretested on a subject who had
under gone tracheostomy 4 year s ago as a consequence of laryngeal paresis,
and who was able to phonate when her stoma was covered. M easurements of
vocal fold and tracheal wall motions were made using an EM sensor, a laser -
doppler velocimeter, and an electroglottograph. Simultaneous acoustic data
came from a sub-glottal pressure sensor and a microphone at thelips.
Extensive 2-D and 3-D numerical simulations of EM wave propagation into
the neck were performed in order to estimate the amplitude and phase of the
reflected EM waves from the 2 different sour ces. The simulations and
experiments show that these sensors measur e, depending upon location, both
the opening and closing of the vocal folds and the movement of the tracheal
walls. When placed over thelarynx, the vocal folds are the dominant sour ce.
The under standing of the signal sourcesisimportant for many potential
applications.

e Person to whom inquires should bedirected. Send to: L-1, PO Box 808,
Livermore, CA, 94550, or email to holzrichterl@lInl.gov .




I ntroduction

Radar -like sensor s transmitting electromagnetic ( EM) waves
have been used to measur e properties of the human vocal system
(Holzrichter 1995, 1998) during speech (see Fig. 1). These sensors

V.Folds \
| 5
Sto ma
F U D
\ | ] centar ling
Laser Doppler
I |I Velocimeter Beams
h:i::::n 1 -d E;Hm Pressume Sensor

Fig. 1. Experimental layout showing position of the laser, the GEM s experimental
location, pressure sensor, and acoustic microphone. EGG electrodes are not shown
but are mounted in the normal location on the sides of the neck in the transverse
plane of the vocal folds. Other locationsfor EM sensor placement ar e noted

work by transmitting very low power (<0.3 mW), EM waves, typically
2.3 GHz, into the neck or head toward the vocal articulatorswhose
movements are being monitored. The absor ption coefficient of 1-4 GHz
EM wavesin human tissueis 5 to 10cm™, which allows 10cm
penetration of the wavesinto the body and reflection back to the sensor,
with good signal to noise. The EM wavesreflect from all dielectric and
conductivity interfaces, that are associated with tissue-air or tissue-



tissue inter faces, and which arein the path of the propagating EM
wave. Therecelver circuitry detectsthereflected EM wavesusing a
homodyne (i.e., interferometric) technique (M cEwan 1994, Skolnik
1990), then it averages, filters, and amplifiesthe signals such that they
can be analyzed. Because voiced speech isassociated with the
movement of the vocal folds, at pitch frequencies nominally between 70
— 250 Hz, the signals from these structures and related pressure-induced
tissue movements ar e easily distinguishable from stationary tissue

inter faces by employing suitable band-passfilters. Typically the signal
amplitudeisdirectly proportional to a changein position of the targeted
tissue interface, along the direction of EM wave propagation, and also
to thereflecting area of the tissue interface. The particular sensor used
for the experimentsherein iscalled the GEM S sensor (Burnett 1999,

M cEwan 1996) becauseit is optimized for Glottal Electromagnetic
Sensing. See below and Appendix A and B for additional details.

When the GEM s sensor is placed in front of the larynx as voiced
speech isproduced, the signals resemble vocal fold contact signalsfrom
electroglottograph (EGG) sensors, see Fig. 2 (Holzrichter 1998, Titze
2000). However EM waves propagate very differently than EGG
generated currents, which flow longitudinally acr oss contacting vocal
folds (Rothenberg 1981, Titze 1990 ), and it has been shown that the EM
signal does not depend on changesin vocal fold contact (Burnett 1999).
One hypothesisisthat EM waves reflect from the changing
configurations of the air-tissue interfacesin the vocal fold structures
(Holzrichter 1995). A second hypothesisisthat the EM wave reflects
from air pressureinduced motions of the compliant posterior tracheal
wall-air interfacein the subglottal region (Burnett 1999). A third
hypothesisisthat refractive wave guiding by the vocal fold membrane,
directsthe wave acrossthe fold contact surface similarly to the RF
current from an EGG (Titze 2000).

Difficulty in pinpointing the source of GEM s signals occurs
because the EM waver eflectivity is proportional to both the product of
thetargeted tissue's“transverse” areatimesits“longitudinal”
movement along the path of the EM wave, and the sour ce of reflection is
ambiguousto /4 A in distance. Thetargeted glottal-vocal-fold
structure (as viewed front-on) issmall in frontal area, about 20 mm?,
but it has an effective “movement” of approximately 5 mm during each
open/close cycle of the glottis. In the case of a section of tracheal wall,
thetargeted tissuearea A isrelatively large (nominally 15 mm by 40



mm = 600 mm?in cross section), and the movement was estimated to be
d =0.1 mm (Burnett 1999, Svirsky 1997). Thusthe product of (cross-
section A) x (movement d) of the glottal or trachea wall tissuesis about
60-100 mm?in both cases. If the above estimated values are correct, the
reflection similaritieswould lead to GEM s signals with similar
amplitudesfor both types of tissue. However two strong tests of the
tracheal wall hypothesis arethat the directly measured wall movement
must resemblethe signalsin Figs. 2 and 3, and the directly measured
sub-glottal pressurevs. time pattern, Fig. 4, would need to be capable of
moving wall tissue as expected. Similarly, for hypotheses 1 or 3 to be
valid, analysis must show that the glottal openingin thevocal fold
membrane must be capable of reflecting or refracting EM waves with
sufficient amplitude to be measured by the GEM s sensor.

Onset of closure

Fig. 3 Data from 4 separ ate male subjects
comparing GEMs sensor data (solid) to
EGG data (dashed). Closuretimesarenot
aligned. (with permission Titze 2000)

Fig. 2 Typical data showing simultaneous
acoustic, GEMs sensor (i..e., “Glottal
Radar trace), and Inverse EGG signals
for amale speaker. Closuretimesare
aligned.

The primary purpose of this paper isto clarify the origins of the
GEM s sensor signals by evaluating the hypotheses using the tests
mentioned above. A laser-Doppler velocimeter was used, along with an
EM sensor, to measur e the posterior wall movementsin the subglottal
trachea of a subject who has a trachea-stoma located 3 cm below her
laryngeal prominence (see Fig. 1). Thisfemale subject had undergone a
tracheostomy, but sheis now able to phonate when her stoma is covered
(e.g., with atransparent plate for the measurements described here).



The pressure was measured by attaching a pressuretransducer to the
stomavalve. In addition, 2-dimensional (i.e., 2-D) and 3-dimensional
(i.e., 3-D) numerical smulations wer e performed of EM waves
propagating inward and then reflecting backward from both the
posterior and anterior trachea walls, and from the vocal fold openings
at several phases of the glottal cycle. The simulation data wererelated
to corresponding GEM s signalsto quantify the relative r eflectivity of
EM waves from the targeted tissue interfaces.

The data and interpretationsin this paper provide a great deal of
information on EM wave propagation and reflection from tissues
internal to the neck, and by extension from other articulatorsin the
vocal tract. Thisunderstanding isimportant because of the potential
(Aliph 2002) of GEM s-like sensor sto provide a wide range of timing
information and estimates of voiced excitation functions during speech
(Ng 1995).



[I. Methods:
[IA. Experimental Configuration:

The subject for subglottal pressure and tracheal wall vibration
measurementswas a 57 year old female who had undergone a
tracheostomy 4 year s ago as a consequence of treatment for laryngeal
paresis following thyroplasty with implantation of a silicone prosthesis.
The paresiswas partially resolved at the time of the recording, and the
subject's voice, when occluding the stoma, was only dlightly breathy.
The experiments described below wer e approved by the human studies
IRBs of the Massachusetts Eye and Ear infirmary and the Lawrence
Livermore National Laboratory. A laser Doppler velocimeter (HLV-
1000, Polytec PI, CA) was used to measur e the movements of the
subject’s posterior tracheal wall by transmitting a laser beam through a
transparent plastic cover, located over her stoma valve opening.
Simultaneously the GEM s EM sensor was placed in one of two
locations, depending upon the experiment. To test vocal-fold
reflectivities, it was placed either on or dlightly below the thyroid-
prominence in the mid-sagittal plane. To measure tracheal wall
movements, it was placed below the stoma opening, about 4 cm below
the prominence, also in the mid-sagittal plane. The skin was marked to
provide repeatable locations for sequences of measurements. In all
experiments, the EM sensor was placed against the neck tissueto
prevent skin motion. It wasthen moved in or out slightly to maximize
thesignal. In addition, data from an EGG sensor (Glottal Enterprises
MC2-1), a subglottal pressure sensor, and an acoustic microphone
placed in front of the lipswere also recorded, as described below.

The subject habitually wore a size 6 tracheostomy tube with a
Montgomery Tracheostomy Speaking Valve. For the experimental
measur ements, the speaking valve membrane wasremoved and a side
opening in the valve body was drilled, to which a 6 cm long side tube,
3.0mm ID, was attached. Thetube was connected to an
SMI 5552-015-D pressuretransducer (Silicon Microstructuresinc.,
Fremont, CA). To enable phonation, the open end of the modified
speaking valve was covered with a transparent plastic window through
which thelaser wasaimed at the posterior wall of thetrachea. The
plastic window was heated by immersion in warm water prior to
placementsto minimize fogging. Most of the measurements were made
with the subject reclining in a supine position.



Thelaser instrument has been used for many physiological
structure measurementsin the past, including making measurements
through windows and through narrow openings (Rosowski 1999). Its
internal velocity calibration is quite accurate and provides velocity
output in volts, which using a given calibration of mm/second/volt, is
converted to velocity in mm/sec in the data presented here. The velocity
data was numerically integrated to obtain the changein position of the
targeted tissue versustime. For examplein al mstimeinterval, a
velocity of 5 mm/sec leadsto a movement of 5 micrometers.

Thesignalsfrom thelaser interferometer, the EM sensor, the
subglottal pressuretransducer with connecting air tube, and the
microphone were amplified and low-passfiltered to eliminate anti-
aliasing (Axon Instruments Cyberamp 380) and were sampled at 20 kHz
using a PC-based Axon Instruments Digidata 1200 data acquisition
system. The pressure waveform was calibrated using a manometer and
static pressures. The dynamic response of the pressuretransducer and
connecting plastic tube was measured using a closed system and an
ear phonedriver, and found to be well behaved below 1 kHz. The
microphone signal was calibrated in freefield by referenceto a
calibrated Cooper-Rand electrolarynx sound sour ce using a handheld
RION NL-11 (Rion Inc., Tokyo, Japan) sound level meter. The
microphone was a Sony ECM 50 electret microphone. Calibration and
analysis of signalswas performed using Axoscope (Axon | nstruments,
Inc.) and Matlab (Mathworks, Inc.) software.

The GEM s sensor’sresponse wasre-calibrated using a
mechanical vibration generator (Bruel and Kjaer, see ref.), and was
compared to data obtained earlier by Burnett (1999). An aluminum
metal target was vibrated sinusoidally, at frequencies from 100 to 200
Hz, and with amplitudes from 1 micrometer to 200 micrometers. These
procedures reconfirmed the frequency response (> 1 kHz) and sensor
maxima/minima sensitivity versusdistance. They also enabled a
comparison of signal amplitude levelsfrom varyingtargets(e.g.,alcm
by 2 cm plate shaped to simulate an ar ea-segment of the tracheal wall)
and they validated the linear proportionality of GEM s signal versus
vibration amplitude at signal maxima. These procedures gave a GEMs
signal calibration in air of about 5 mV/micron for atarget vibrating
about 4 cm from the sensor.



In the case of avibrating air/tissueinterface, buried deep inside a
cylindrical dielectric body (e.g., the neck) an estimate of the reflection
calibration ismore difficult (see Appendix B). For asimpler geometry,
such astissue vibrations from a surface located about 1 cm inside the
skin (equivalent to about 4-5 cm of air path) the calibration isabout 2.5
mV/micron. Thiswasobtained by measuring the inside surface of a
subject’s cheek with the laser velocimeter and comparing the movement
to the corresponding GEMssignal. Another examples of a similar
geometry isthe anterior interface of thetrachea. In the case of the
posterior tracheal wall-air interface, which is hidden behind the trachea
air tube, itsvibrationsare moredifficult to detect. However, in the
posterior wall calibration is calculated to be about 12x lower than that
of the anterior wall, or 0.2 mV/micron. These calibrations are useful
but probably only accurateto + 50% . They areuseful in estimating
tissue vibration amplitudesfrom “buried” air-tissue interfaceswhich
arenot directly measurable with more direct techniques.

[I1B. Results:

M easur ements wer e taken on four separ ate occasions over the
period of one and a half years. A very large amount of data was taken,
with Fig. 4 illustrating one of the clearer and more complete sets of data
obtained. In thisexperiment, five sensorswer e used while the subject
phonated the phoneme/a/ asin “father”. Thedatatraces, from top to
bottom in Fig. 4, are:

4A) Theraw GEM s sensor output from itslocation on the
laryngeal prominence.

4B) The velocity of the subject’s posterior tracheal wall, measured
3cm below the laryngeal prominence. At the 3 mstime, the velocity
becomes negative asthe glottis opensand the pressuredrops. At the
time of vocal fold closure, at the 4 mstime, the negative wall velocity
stopsincreasing (in the negative direction toward the laser) and begins
to slow to zero. At the5 mstime, the posterior wall beginsto move
away from thelaser, i.e,, it “balloons’ and expands asthe glottis closes
and the subglottal air pressurerises. The nominal 0.1 msduration
velocity noiseisdueto short drop-out periods (i.e., scintillation) of the
reflected signal back to the laser receiver.

4C) The numerical integration of the tracheal wall velocity trace
4B) givesthe posterior tracheal wall position movement versustime. A
positive value indicatesthat the posterior wall is*“ballooning” in a
posterior direction away from thelaser sensor. The amplitude of the




movement is approximately 12 microns, which is much lower than
earlier values used to estimatethe GEMssignals. Thetimeintegrated
data also show the “ ballooning” movement lagging the velocity by 1/4 of
the glottal timecycle. Thiswall movement showsvery little correlation
with the signal shown in trace 4A), and thusit can not be the sour ce of
the GEMssignal from thelaryngeal location.

4D) The subglottal air pressure versustime shows7 cm to 20 cm
H,O pressurevariations ver sustime, with peak pressure excursions
ranging from 5 cm to 15 cm H,O. The average pressur e change that
movesthetrachea wallsisabout 5cm H,0O. Thesignal alsoillustrates
distinct subglottal resonances (I shizaka 1976, Cranen 1985, and
Fredberg 1978). This pressure versustime data also shows almost no
correlation with the GEM sdata in trace 4A), indicating that the
pressureisnot moving a tissue surface that isin turn being measured by
the GEMs sensor, at the laryngeal location. The data from trace 4C)
indicatesthat the tracheal wall isresponding slowly and out of phaseto
therapid subglottal pressuresignal resonances, with about a1.5—-2 ms
time constant. Thisisexpected from a membrane being driven above
its natural resonances (about 30-40 Hz).

4E) Theinverted EGG signal is especially useful for timing the
onset of vocal fold closure and providing information on the quality of
the vocal fold contact area versustime. The EGG signal wasinverted to
make it consistent with GEM S data from previous papers, e.g., Figs. 1,
2,and 11. This|EGG data followsthe GEMsdata closely for these and
previous experiments (Titze 2000), and was used to inspect data setsto
identify those with normal vocal fold closure (e.g., Fig. 4). The subject
often phonated with incomplete closure.

4F) The acoustic microphone signal showsthe characteristic
initial negative pressure signal asthefolds close. The acoustic signal was
advanced by 0.7 msto correct for the ower traveling acoustic wave,
from the vocal foldsto the microphone located 10cm from thelips. The
characteristic peaks of the acoustic signal are used totime align
different data sets, as seen in Fig. 5.
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Fig. 4: Data set from subject with partial pariasis but phonating /ah/ very clearly. 6 traces
areillustrated. Thevertical line showsthetime of onset of vocal fold closure; A) GEMs
sensor with vertical direction indicating increased vocal structurereflectivity; B) Laser
velocity signal from posterior tracheal wall, with vertical axis positive for tissue movement
away from laser (i.e., posterior direction); C) Position versustime of posterior wall, with
positive axisindicating “ ballooning” as pressureincreases, D) Subglottal pressure versus
timeincm H,0O; E)inverted EGG signal; and F) Acoustic signal from microphone 10 cm
in front of subject’s mouth.
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Another set of experiments (see Fig. 5) were performed to examine
the differences between GEM s measured lower trachea wall movement
and data from the laryngeal prominence location in Fig. 4. Thelower
trachea data, in the lower section of Fig. 5, were taken with the GEMs
positioned 4 cm below the laryngeal prominence (about 1 cm below the
stoma, see Fig. 1). Because of the spatial “ congestion” of instruments
within 1cm of the stoma, and due to some rf-interference, it was not
possibleto arrangefor all of theinstrumentsto be operative during
those experimentsin which the sub-stoma data wastaken. Thetime
alignment of the two data sets, from two separ ate sessions, was
performed by correcting for small pitch variations, by aligning the
acoustic-peak signatures. There arethreeimportant differences
between the subglottal data shown in Fig. 5 and laryngeal prominence
data of Fig. 4 and the upper part of Fig. 5. Thefirst isthat the sub-
stoma GEM s signal isabout 30 fold lower in amplitude, about 40 mV
peak to peak in Fig. 5D, than the 1.2 V prominence signal in Fig. 5A.
Using the GEM s calibration described above (2.5 mV/micron), the 40
mV signal indicatesthat the sourceislikely to bethe anterior wall of the
trachea, vibrating with a 10-20 micron amplitude. Secondly, the shape
Isconsistent with a pressure-induced expansion and contraction, and
shows no “sharp” cutoff of the type associated with vocal fold closure.
Thirdly, thetiming is consistent with the laser-measured posterior-wall
data of Fig. 5B, except that it precedesit in time by about 1 ms. This
timing offset may be dueto the quite different types of trachea tissues
being measured by the two instruments. Similar sub-glottal
experiments have been conducted on male subjectsat the Livermore
Laboratory over the past years (in accord with earlier IRBs), which also
show similar timing of the subglottal signal relativeto the vocal fold
closure signature. They also show similar relative signal amplitudes
and show similar signal shape. In summary, the GEM s subglottal
experimental data are completely consistent with EM wave r eflections
from the anterior tracheal wall “ballooning” dueto changesin
subglottal pressure, and as discussed later, are not consistent with
simulations of EM waver eflections from the posterior wall.

12
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Fig. 5: Composite GEM s sensor data for the same speaker and same phoneme /ah/, but two
different experiments. Upper data set isfrom Fig. 4A,C, D. Lower, subglottal set isthe GEMs

signal when located 4 cm below the prominence with the simultaneous acoustic data. The

lower GEMs signal shapeis consistent with a pressure driven tissue movement, just after the
glottiscloses. It shapeisconsistent with the posterior wall movement signal of 5B, but it rises
and fallsearlier. Thetwo data filesweretime aligned using the acoustic signals from each

file.

13



[Il. Simulations

Two approaches wer e consider ed to ssmulate the r eflections of
EM waves from the posterior trachea wall and from vocal fold
structures. First, a phantom, i.e., an analog ssimulator with a vibrating
posterior wall and a vibrating vocal fold system, was consider ed.
However, previous “pilot” mechanical mechanisms showed that many
of a phantom’s partsvibrated in response to therapid 120 — 200 Hz
motions of mechanical vocal structures. Very confusing signalswere
obtained from these vibrating parasitic interfaces. Instead, a numerical
simulation approach was used based upon the availability of very
advanced EM simulation codes. Therelatively smple geometry of the
tracheal tube and the glottal membrane with a circular glottal hole,
allowed relatively ssimple zoning (Fig. 6) for a series of numerical
experiments which are summarized below. The case of a membrane
with a slot-shaped glottis required more complicated zoning, and isalso
discussed below.

[H1A. 2-D Simulations:

Two dimensional smulations wer e conducted to estimate the
reflection of EM waves from the posterior wall of an empty tracheal
tube. The simulation modeled the propagation of a2.3 GHz EM plane
wave through a5 cm transver se aperturelocated just in front of an 8
cm radius, cylindrical dielectric neck (€ =28) . Thewave propagated
through the apertureinto the neck, and then traveled 1 cm further to
thefront surface of a 2.5 cm diameter tracheal tube. Thewavethen
continued to the posterior wall of thetrachea. Both tubes extended to
infinity in the z-directions, to satisfy 2-D constraints. The 2-D
simulations used a finite difference, EM codecalled TSARLITE
(described by Kallman in the summary by Hawkins 1993). These
simulations showed that the EM wave reaches the posterior wall by
“evanescing” along thetrachea air-tubewalls. Thisisexpected because
the propagation of an EM wavein a high dielectric medium is
energetically more favorablethan in alow dielectric medium, such as
thetracheal air tube. The 2-D ssimulations also show that about 10% of
theradiated EM wave amplitude that entersthe neck, through the
simulated antenna aperture, isreflected back to the defining aperture
from the anterior trachea wall, and 1% from the posterior wall. As
these walls move, on the order of 10-20 micronsdueto air pressure
changes, the modulation of thereflected wavesis detected by the
homodyne mixer in the GEMssensor. Thereflected amplitudesare
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modulated by at about 2% and 0.8% respectively, dueto both
amplitude and phase changesin thereflected wave (see Figs. 8 & 9, and
Appendix A and B).

The 2-D TSARLITE code could not be used for simulations of
EM wavesr eflecting from the vocal fold structure, because the 0.4 cm
thick membrane containing the vocal foldsislimited in extent in the z
direction, and can not be numerically ssmulated using 2-D
approximations.

[1I1B. 3-D simulations.

To follow the many physical processes asan EM wave propagates
in acomplex 3-D dielectric structure such asvocal foldsin atube, a
computer code capable of 3-D simulations, such asthe EIGER code
(Sharpe 1997), was used. The Eiger codeisbased upon avery reliable
“Method of Moments’ approach (Miller 1992). This code was used to
analyze the propagation of an EM wave internal to the neck tissue,
whose layer s of muscle and cartilage wer e approximated by an average
dielectric constant, €440 = 25, and zero conductivity (no lossin the
tissues). Fig. 6 illustrates the shape of the modeled larynx region which
was coded using 1500 nodes. A 2.3 GHz, EM plane-wave, y-polarized (in
thetransver se plane), with an amplitude of 75 V/M waslaunched from
one side of the simulation (i.e., from within the dielectric coming from
theright sidein Fig. 6). Thewavelength in thedielectricis A =2.6 cm.
The EM wave propagated through the solid neck tissue to the front
surface of the 1.5 cm diameter trachea (i.e., from the lower right of Fig.
6 into the“ soup can” shaped model of the trachea section, which is 1.5
cm in diameter by 4 cm long). It then propagated around and, as well
asbeing guided acrosstheair tube by the high dielectric constant tissue
of the vocal fold membrane. Fig 7 shows 4 examples of the EM wave
being “scattered” acrossthe membrane, and also back to the GEMs
sensor. The numerical simulations used varying glottal openingsin the
membrane to determinetheir influence on thereflected EM wave. For
pur poses of the method of momentsused for these simulations, the
trachea air tuberequired “end caps’ to keep the ssimulation volume
finitein extent. Contributionsto the E field at the point of
measurement, from EM wavelets scattering from the caps, weretested
to be surethat they did not contribute significant signals at the
measuring point.

15



/ s 15 ey Voca Fold

T Membrane mesh
with Circular Glottal
Opening

Incoming Plane
EM Wave

Simulation \
Typica

mesh of .

h d observation
tracnea an point of
vocal fold reflected
membrane waves

Fig. 6: Zoning of a4 mm thick vocal fold membrane and a 1.5cm trachea tube for
computer simulations of EM wave propagating into the vocal fold structures. The
vocal fold membraneissimulated asa dielectric disk, € = 25, placed in the mid-
transver se plane of the simulated “ can shaped” air tube, which has end cap covers.
Theentire“can” structureissurrounded by a dielectric material with € = 25, and
with zero conductivity. The incoming EM wave is transversely polarized in the
plane of the disk.
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The Eiger code diagnostics enabled “measurement” of both
amplitude and phase of the scattered part of theincoming EM wave at a
desired observing point. This point was usually located 1cm in front of
the anterior wall of thetrachea in the mid-transver se plane (toward the
incoming EM wave), a place in the experimental configuration where
the EM sensor receiver antenna would commonly be located on the skin
on thelaryngeal prominence. Simulations of EM wave scattering to
other locations, e.g., +1 and +2 cm up from the mid-plane along the neck
surfaced plane, were examined to estimate the strength of the vocal fold
scattering asthe sensor was moved up and down the neck. In another
set of experiments, the EM wave was brought into the vocal plane at an
angle 20° to the plane (i.e., 70° from normal) to simulate oblique rays.
Thissimulated non-normal placement of the GEM s sensor, wherethe
skin surfaceis often canted by 10 - 20° due to the cartilage structure.
These data indicate that the sensitivity of the EM sensor to vocal fold
motion dropped as approximately a Gaussian curve of 1/2-width = 1.5
cm. Thusthe EM sensor will detect EM wavereflections from the vocal
folds several cm away from the mid-transver se plane.

The 3-D EIGER code was used primarily in the differential mode,
wheretheinput wave was held constant and changesin vocal fold
configurations would cause phase and/or amplitude differencesin the
scattered EM waves, measured at a point 1 cm in front of the anterior
tracheal wall. The configurationsthat were simulated include:

- a) albcm diameter hollow trachea with a solid 4mm dielectric
membranein place (see Fig. 7D) was used to simulate a base-line
reflectivity 1cm in front of the vocal fold membrane plane.

- b) thel1l.5cm hollow trachea, Fig. 7A.

- C) sameasa) but with several circular glottal hole sizes whose volume
iIsequaled by a corresponding thicknessin the membraneto
maintain constant membrane-tissue volume. SeeFigs.7B-C .

17



d) sameasa) but with two different parabolic slotsin appropriately

thickened membranes.

- €) theabovewith reflected Ey measurement points + 2cm, +1cm, and
0 cm (on the sagittal line) to estimate the degree to which vocal
fold motion causes EM reflectionsin directions upward and
downward from the transver se plane

- f) the abovewith theincoming plane wavetilted 20° from the
transver se plane, to ssimulatethe EM sensor placed under the
laryngeal prominence pointed upwards at the 20°angle.

- g) al.3cmdiameter, hollow, membranefreetrachea, which is

located 1 mm off-center to approximate therear wall moving

inward by 2 mm toward theincoming EM wave. (Theamplitude
and phase of the EM wave reflection from measured wall
movements of 20 microns, are scaled relative to those associated
with the 2 mm movement).

Theimages shown in Fig. 7 illustrate contour s of scattering EM
waves. These contours are converted to plots of EM wave amplitude and
phase ver sus distance along selected directions. Figs. 8 and 9 show the
phase and amplitude along the path from the trachea center and
through the measurement location 1 cm in front of the tube (see white
linein Fig. 7B illustrating the path). Two glottal models were used to
simulatetheresultsreported here. Thefirst consisted of asimple
expanding and contracting circular holein a4mm thick membrane (g,
= 25), starting with a solid membrane (i.e., ratio of (glottal
area)/(trachea area) = arearatio AR=0). Next a holewith relative area
ratio AR=1/4 was simulated, and finally a hole with an arearatio AR=
1/2 . Thecondition AR=1isthe empty tube. The second, more complex
model used a double-parabolic opening that resembled an expanding
and contracting curved-edge slot in the membrane. In both thecircular
and parabolic cases, asthe glottal opening wasincreased in the
simulation, the glottal membrane was thickened to represent the volume
of tissue that movesto the side asthe glottal space opens. This approach
conserved tissue moleculesin the path of the EM wave.

18
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Fig. 7: Four examples of simulations showing EM wavesr eflecting from 4 tracheal tube sections,
each with a different glottal diameter in the central membrane. The outline of the vocal fold
membraneisoutlined in black along the transver se center line of the cylinder cross section. Four
cases, a-d, are shown, with diametersof 1.5, 1.2, 0.4, and 0 cm. Case d with the closed glottis best
illustrates how the EM waveiscarried acrossthetube by the 4 mm thick dielectric membrane,
increasing its path length. In contrast, in the case 7a with completely retracted folds, wherethe 1.5
cm diameter glottisequalsthetracheal wall diameter, the EM wave only weakly penetratesthe
anterior tube surface. In theintermediate cases, red and yellow colorsindicate regions of high
reflectivity. Thewhitelinein 7b showsthe axis of “line-out” data shown in the next two figures.
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Fig. 8: Amplitude of the scattered EM wave both inside the trachea tube and also the reflected wave
amplitude outside the tube, for 3 different circular glottal openings. Thiscurve followsthe scattered
EM field along the mid-sagital center line of calculations. It givesa“line-out” along the whiteline (in
Fig. 7b) showing the scattered EM wave amplitudes across the contour lines of data sets similar to
those shown in theimages displayed in Fig. 7. At the“measurement location” above, theintensity of
thereflected EM wave depends upon the structure of the glottal membrane. The solid lineisfor a
closed glottisin a 4mm thick membrane, the dot-dashed lineisfor a0.75 cm hole (arearatio = 0.25),
and the dotted lineisfor a hole diameter of 1.06 cm (arearatio = 0.5), dashed line is completely open

The measurement location at 1.75cm from the trachea center is
also 1 cm in front of thetrachea’ santerior wall. Thisisnormally the
location wherethe GEM s sensor isplaced to transmit and receive the
2.3 GHz EM wave from the vocal fold region. At thispoint the graphs
show thereflected field amplitude to range from 42 for closed folds, 45
with AR =0.25, and 47 with AR=0.5, and 48 for an open tube trachea.
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Fig. 9: The phase, in degrees, of thereflected EM wave versus distance and ver sus glottal condition
from a measuring point to the trachea tube center. Theleft ordinatelineis positioned at the anterior
trachea wall. The phase increases (becomes mor e negative) asthe glottis closesand “draws’ the EM
wave further insidethetracheatube. Conditionsare constant input wave phase and amplitude, with
reflected phase shown as functions of distance from trachea and condition of trachea.

The phase versus glottis conditionsin Fig. 9 are the phase changes
dueto trachea scattering changes, at a fixed measuring point along the x
axis. The phase changes at measurement location 1.75 cm (i.e., 0.0175
M or1 cm from the anterior tracheal wall) are the values used below for
GEMs signal calculations. The convention in the Eiger codeisthat the
phaseisincreasingly negative as the distance increases from the sour ce
to the measuring point. For example at the noted measur ement
location, the phaseisincreasingly negative asthe glottis closes. This
meansthat a fraction of the EM waveis carried deeper into thetrachea
tube asthe glottis closes, thusincreasing the path of thewave. The
phase changes for the three glottal conditions shown are -36°, -27°, -25°,
and -8 for the empty tube. Thesesignificant phase changesarethe
primary sour ce of the signal in the GEM s homodyne detection system,
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wherethe output of the signal from thereceiver detector is:

Equation (1): S, =const. * A * cos¢

and A istherecelved signal intensity and ¢ isthe phasereferenced to a

zero crossing (see Fig. 12) .
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Fig. 10. Smoothed data from simulations showing the changein reflected EM
wave intensity from circular glottal openings back to areceiver point located 1 cm
in front of the anterior tracheal wall. The zero point, i.e., thereference signal, isthe
reflected signal strength of 42 V/M at the detector location, when the glottisis
closed. Thereflected signal change, from both circular and parabolic glottal
openings, isa function of both amplitude and phase change from the r eference
signal. Theratio of glottal areato tracheal area (i.e. the Area Ratio) oscillates
nominally between O and 0.2 during normal phonation.
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It isinteresting to note the process by which EM wavesr eflect, or
rather “don’t reflect” from the glottal opening, in contrast to their
reflection from an open tracheatube. Asthevery high dielectric
constant of thevocal fold membrane “draws’ the EM waveinto the
tube (see Fig. 7D), scattering occursfurther from the sensor location.
This process lengthens the propagation path (and increases thereflected
wave phase delay) and when the wave scattersinside the tube, less
returnsback tothe sensor. In summary, therole of the vocal fold
membrane and glottisislessimportant asreflectors of EM waves back
to the sensor, but rather they serveasa“disperser” of theincoming EM
wave, showing greater loss. These effectsareillustrated in Figs. 8& 9
which show that the solid membrane (solid line) is most effectivein
increasing the phase delay and reducing the amplitude of the backward
reflected EM waves. When the vocal fold membraneisabducted (7A),
the phase delay isreduced and thereflection to the GEM s increased.
Fig. 10 showsthat the vocal fold opening and closing cycle modulates
thereflected EM wave phase by up to 30% (e.g., signal changes of (62—
42) | 62 = .33 corresponding to area ratio changes from 0.0 to 0.20).
Thisisavery strong modulation of thereflected wave. The strength of
the glottal open-close GEMssignalsare so very strong and so easily
detected that they satisfy the requirement (i.e. the“test”) for hypothesis
oneto bevalid—the GEM S signal from the laryngeal prominenceis
from glottal opening and closing. However, details of EM wave
scattering from small parabolic slotsrequire additional work because
the zoning and thefield configurationsin such dots are difficult to make
realistic.

Fig. 10 shows plots of several smulated GEM S sensor signal levels
for both circular and parabolic glottal openings versustheratio of the
glottal areato tracheal area. The estimates usethe fact that at the
maximum of the AC-coupled sensitivity point of a homodyne sensor (see
Appendix A), thereflected signal, S, is proportional to the homodyne
“mixer” output, S, which isproportional to the field amplitude at the
antenna and the cos ¢ . See equation (1) above and in Appendix A, Fig.
12. Thisequation holds aslong asthe signal ischanging rapidly enough
in time to pass through the high passfiltersin the GEMssensor. The
GEM S high pass 70 Hz filter, is satisfied because the glottis opens and
closesat 100-200 Hz rates. The condition of maximum filter throughput
(i.e., maximum first derivative) occurswhen cos¢ = (approx) zero(i.e,
when ¢ isnear /2, or an odd multiplen of & /2). Further, theanalysis
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for Fig. 10 assumesthat the “initial condition” iswhen the vocal folds
are closed, and when the GEM s sensor has been adjusted so that the
round trip phase¢ = (approx.)n* m /2, and thuscos¢ isassumed to
be zero. Asthevocal folds open, thereflected signal increases due both
totheincreasein reflected amplitude and the decrease in phase path.
Fig 10 isplotted with the “initial condition” being the simulated steady
state signal amplitudelevel (i.e., 42 V/M from Fig. 8), which because of
theinitial phase condition leadsto a zero signal, S, output. Each of the
simulated signal pointsin Fig. 10 are calculated, using the above
homodyne signal equation, using both the amplitude and phase change
asshown in Figs. 8and 9. (Notethat theunitsin Figs. 8 for the
amplitude arein field strength units, V/M, which become volts on the
antenna. Insidethe sensor circuits, the antenna signal becomes
eventually a 1 volt peak-to-peak GEMs A/C output signal, asin Fig. 4A,
which appearsasa+ 0.5V to-0.5V AC signal. Inthesimulations
summarized in Fig. 10, for the parabolic glottisopen ratio of 0.2, thel
volt GEMssignal isproportional to the smulated signal value of 62 —
42 (wherethe zero point valueis 42) for aresulting AC signal value of
20. When the glottis closes, the arearatio = 0 and the simulated AC
signal in Fig. 10 dropsto 42, which isthe zero-signal value, thusthe AC
signal becomes=42-42=0. In practice, the simulated signal values can
be made proportional to the output sensor signal, e.g.,

Equation (2): Syua (V) = (smulated value—42) /20 Volts

In thisformula, the GEMs signal becomes 1 volt when the glottal area
ratiois0.2. Other normalization can be used, the one chosen aboveisto
allow reference back to the smulationsin Figs. 8& 9. Noticethat the
simulated signal valueisnot alinear function of the area ratio, except
near theorigin.

V. Discussion of data and simulations

V-A: Tracheal Walls:

Two specific types of experiments and simulationswere
conducted. Onefocused on the movement of the anterior and posterior
sub-glottal walls of the subject’strachea and the other on the vocal

19



folds. The posterior trachea wall isdiscussed first because of itsearly
hypothesized rolein generating the larynx signals as it moves under
cyclic subglottal pressure oscillation. The degree to which thiswall
moves depends upon the compliance of the “ soft” posterior smooth
muscle tissue. Thiswall areaislocated just below the cricoid cartilage,
wher e the trachea cartilage becomes C-shaped. It isadjacent to the
anterior esophaguswall, in the opening of the“C” shaped cartilage.
The direct measurement of thistissue with the laser velocimeter shows
12 micron movements. Thewall behind the prominenceitself is quite
stiff because of the cricoid lamina, and is not expected to move very
much under air pressure pulsation.

In contrast, the movement of the anterior trachea wall was not
initially consider ed because of its expected stiffness. However, an
examination of a human trachea from a cadaver showed that the stiff
“C” shaped, cartilage structure only occupied about 30% of the
anterior tracheal wall area. Theremaining 70% of the wall tissuefilling
the space between the“ C” ringswas found to be similar to other vocal
tract wall tissue, and could easily be caused to move by the oscillatory
subglottal pressure. Thusits movement isexamined more thoroughly
below.

The numerical simulations above enablerelative GEM s signal
estimates, by comparing the ssmulated laryngeal prominence (i.e.,
glottal) signalsto those of the anterior and posterior tracheal walls. The
simulations show that most of the reflectivity of an EM waveisfrom the
front surface of the trachea tube, and that changesin glottal
configuration or in wall radiusdueto vibrations are*“ perturbations’ on
thetotal reflected amplitude and, primarily, on the phase of the
reflected wave. Under these “perturbation” conditions, the homodyne
signal isproportional to small changesin the phase versustime, A¢(t) .
Considering first the signal from thelaryngeal prominence for a small
glottal arearatio change, e.g. from 0.0to 0.20, which causes a phase
delay of about 14° (see Fig. 9) and also a small reflected amplitude
change of about 10%, which can be neglected for thisestimate. This
enablesthe reflected wave calibration of the GEM s sensor to be:

Equation (3):  Cyuy = 1 volt/14 deg phase delay
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Using Fig. 9 the anterior wall phase delay due to a 10 micron wall
movements can be estimated by moving the measuring point by 10
microns and doubling the phase change (because both the transmitter
and receiver are moved together). It isabout 0.44° 10 microns of
movement (with no amplitude change). To estimate the anterior wall
movement calibration, thissimulated phase delay is multiplied by the
GEM S calibrationin (3) :

Equation(4): C_ oy = (0.44%10wm)* (1V/14°) = 0.030 V/ 10 pm

The GEMssignal from Fig. 5 (below the prominence) is 35 mV, and
using the simulation derived calibration of 30mV/10microns a
movement of 12 micronsisobtained. Separately, the GEMssignal was
calibrated against alaser velocimeter for a similar geometry, and its
calibration is 2.5 mV/ micron. Using the measured 30-40mV signal (see
Fig. 5), and using the analog calibration, a movement of 14 micronsis
estimated. Thisclose agreement isvery good considering all of the
variables, and it indicates that in the subglottal region it ishighly likely
that the GEM s sensor ismeasuring the anterior wall movement.

Further, the posterior wall induced changesin the GEM s signal
that would occur if it were measuring 10 micron excursions can be
similarly ssimulated (graphsfor this case are not shown). A 10 micron
motion of the posterior tissue leadsto a simulated round trip phase
change of 0.018°. By using the GEM S calibration (3) of 1V/14 deg.,
then the expected signal from the posterior wall is:

Equation (5)
Coogerior = 0.018 deg/10micron * 1V /14 deg. =0.0013V / 10 micron

Using thedirect laser measurementsin Fig. 4, of 13 microns of posterior
wall motion, and this calibration, the GEM s signal would be about 1.7
mV. Thissignal issubstantially smaller than the GEM s measured
signal from the subglottal region, about 40 mV, and it indicates that the
GEMs sensor signal isnot from the posterior wall. However it is
undoubtedly the case that this posterior movement contributes about
5% of thetotal GEM s sensor signal.

Additional estimates of the tracheal wall motions under
experimentally measured sub-glottal pressure cycles were made using
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simple calculations of the expansion of atrachea tube of “smooth
muscle’, under steady state conditions. A standard thick-walled pipe
formula (e.g., Roark 1975) was used with an inner radiusa of 0.75 cm,
and an approximate outer radiusb of 2.5 cm.

Then the changein theinner radiusdueto pressurization is:
Equation (6): Aa=(Apressure)* (a/E)* [(b*+ a®)/(b*a?) + V]

Theradiusais0.75cm, the A pressure is5cm H,O, Young' s modulus E
for smooth muscleis estimated to be about 190 ps (Funt 1990, Whirley
2001), and v =0.2. Thiscalculation leadsto a cyclic wall deflection of
about 5 microns, dueto air pressure excursionsof about 5cm H,O.
However, it ispossible that the posterior wall tissue is more compliant,
perhaps by a factor of 2-3 than “standard” smooth muscle leading
perhapsto 10-15 micron movements. A similar calculation, modeling
the posterior trachea wall asa compressible plate, using a unit strain
formulaof € = o/ E , yieldsa movement of approximately 10
micrometersper 2 cm thick wall for a5cm H,O pressure. These
estimates as well as tissue compliance (i.e,, “K” values) estimated from
our posterior tracheal wall measurements(i.e.,, 13 micronsper 5cm
H,O pressur e change) give values of about 30x10° dynes/cm. Thisis
substantially stiffer than exterior side-neck tissue compliance data from
| shizaka, 5x10° dynes/cm (1975). ThisIshizaka neck data is also about
10-fold stiffer than tongue tissue data presented by Svirsky, 0.5x10°
dynes/cm (1997), upon which early tracheal wall motion was estimated.
In summary, these static stiffness estimates, the 2-D and 3-D
simulations, I shizaka’ s data, and the experimentsin this paper show
that the posterior tracheal wall movement is approximately 5-15
microns, which is not sufficient to generate the GEMs signals at
laryngeal prominence location.

Finally, a subsidiary laser velocimeter and GEM S experiment was
performed to measuretheinterior cheek movement, insidethe oral
cavity, as one of the authors phonated the sound /m/ . The laser
velocimeter beam was passed through a window mounted on atube,
that was held between the subject’slips, to measuretheinner cheek wall
motion. Theinner cheek surfaceis positioned about 1 cm from the
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outer skin surface, wherethe GEMs sensor was positioned. Theintra-
oral pressurewas measured with the same transducer described above,
and showed a pressure excursion of 5cm H,O. Both the GEM S and

laser sensors measured inner cheek surface movements of about 10 and
20 micrometer srespectively, similar to that expected from Ishizaka's
(1975) cheek data. This measurement of intra oral cheek tissue provides
mor e evidence that internal vocal tract tissue surfaces, under 5cm H,0O
pressur e cycles, move cyclically with an amplitude of approximately 10-
20 microns. Thiscomparison with the laser, also enabled a GEMs
calibration for planar tissue.

V-B: Laryngeal Prominence-vocal folds:

Experiments on the female subject described earlier in this study
(and with previous subjects befor e this study under separate IRBs at the
Lawrence Livermore L aboratory) show that the GEM s sensor, when
located on the laryngeal prominence consistent with vocal fold opening
and closing, and of magnitude 1 Volt. The signal shapeisconsistent with
EM wave r eflections caused by a hole or slot slowly opening and rapidly
closing in the glottal membrane. For a parabolic glottis, with arearatios
smaller than 10% (see Fig. 10), it appearsasif it may be possibleto
describetherelationship between EM wave reflection and glottal area
by alinear approximation. A small area-ratio regime occurswhen the
foldsfinalizetheir rapid closure, AR < 5%, generating the higher
harmonicsin the air-flow that ar e the sour ce-function for voiced speech.
Additional work isrequired to understand GEMs signals from this
phase of fold closure because of two effects. Firgt, it isknown that EM
wave r eflectivity, from disk-like structuresthat are significantly smaller
than the wavelength, drops off very rapidly, astheratio of size/A <1.
The formula (Born and Wolf 1965) show a reduction in scattering
amplitudethat isa high power, n = 3-6, of the structure-to-wavelength
ratio, (structure-size/ Ay)" , depending on the disk shape, attitude to
thewave, and material. Thusthesignal from therapid closure of the
vocal foldsislikely being enhanced by this super-linear reduction in the
reflectivity. Secondly, the effect of tissue conductivity on thereflectivity
of the EM wave from a complex structure must also be consider ed.
Conductive structuresthat contact (e.g., vocal folds) can change the
field configuration of EM waves, and thus change the r eflectivity,
although nodule experiments (see below) do not indicate this effect.
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The signal vs. glottal area data relateto early suggestions (Ng
1995) that the EM sensor signal can be associated with a voiced speech
excitation function. Thisconjecture has proven to be very useful in
signal processing work (Burnett 1999, Gable 2000, Ng 2000); however,
morework isrequired to justify the validity and range of this assertion.
Because of the expense of the needed ssimulations of EM wave scattering,
from mm sized, dot-like, partially conducting structures, asthefolds
open and close and asinternal conducting structuresrearrange
themselves, they will be accomplished at a later date.

The EM wave guiding effect of the membrane, asillustrated in the
above simulations (see Fig. 7), explains some remaining problems and
observations from previouswork (Burnett 1999, Titze 2000). First, it
shows how hypothesisthree (presented in theintroduction to this
paper), referring to refraction of a dlightly off-axis, in-coming EM wave,
back to the GEM s sensor, becomes more like hypothesis 1. The
simulations here show that the vocal fold membrane does not have
enough of a“lensing” effect to refract the EM wave back toward the
source. However off-axisand refraction effects areimportant and are
accounted for in the simulations.

Another related observation concerns Burnett’s (1999)
investigation of a subject who had a nodule on one of the vocal folds. He
noted that the nodule caused almost no changein the GEMssignal
compared to a normal individual’ssignal. The models above indicate
that such a nodule, attached to one of the vocal folds and exhibiting
transver se motion across the forward propagating EM wave, will have a
very small effect on the reflectivity of the EM wave. Also, he noted that
when the nodule first contacted the opposing fold, no signal-signatur e of
the event took place, and shortly thereafter, complete fold closure
occurred accompanied by atypical GEMsclosuresignal. This
observation speaks against vocal fold contact-conductivity playing a
significant rolein the GEMssignal. Another potential signal sourceis
the movement of the entire glottal structure up and down by a few
millimeter s as sub-glottal pressureincreases and decreases. Thisisalso
atransversetissue motion, relative to the EM wave propagation, and is
not expected to contribute significantly to the GEM s signal.

The guiding effect of the vocal fold membrane, as discussed above,
leads to modifications of earlier estimates of the effective round trip
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phase of the EM wave asit crossesthe trachea and returns back tothe
(Burnett (1999). The simulations herein show that the high dielectric
constant of the vocal fold membrane adds significant phaseto the EM
wave crossing thetrachea. I n addition, a second, smaller, phase
enhancement occurs asthe EM wave crossesthe trachea air space, and
isduetothefact that EM wavein thetrachea, also extendsinto the
surrounding high dielectric constant tissue. When these sour ces of
additional phase accumulation aretaken into account, the location of
reflection becomes consistent with the glottal opening location.

Frame numbers 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Time (ms) 0 1 2 3 4 5 6

Fig. 11: Typical GEMssignal from a male subject with corresponding vocal fold
images. Location A shows continued sensor signal increase, even astheinferior
vocal folds are closing, and location B shows continued sensor signal after the folds
have closed, indicating continued vocal fold tissuerearrangement.
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It isuseful to comparethe superior view of the vocal fold surface
tissuesto the corresponding EM sensor signal (Burnett 1999, Bur nett
and Leonard 1999). SeeFig. 11 below for an example of data using
these authors' techniques. It isinteresting to notethat at location “A”
the EM signal is still rising indicating an increase in EM wave
reflectivity, while the glottis hasreached its maximum open area.
Increasing reflectivity isassociated with continued enlargement of the
glottis. Similarly, the signal at location “B” shows continued reduction
in sensor values even though the corresponding images of the superior
surfaces already indicate closure. Thisexampleillustratesthe sensitivity
of radar-like EM sensors, such asthe GEMSs, to many idiosyncratic
factorsof the subject, which may include: size, shape, dielectric
constant, modes of motion, and on the time dependant arrangements of
tissue layers.

The GEM s signals from vocal fold motions show individual
distinctive variations asillustrated in Figs. 3 (Titze 2000). In Fig. 11
above, the structures at locations A and B, are different than those seen
in Fig 4 and similar to only one of the subjectsin Fig 3. These features
appear to be associated with internal variations of the vocal fold
structures, “sensed” by the EM wave asit is guided by the membrane.
They can, in principle, be analyzed using the numerical simulation
techniques employed herein. Theseidiosyncratic patterns may be useful
for speaker verification asthey provide another characteristic
parameter, along with pitch and other acoustic variables, for usein
speaker verification algorithms (Gable 2000).

VI. Conclusion:

Based upon the experiments and simulations described herein,
and elsewhere, EM radar-like sensors ( e.g., GEMs) can measure human
speech articulator motionsin real time. Examplesare vocal folds, vocal
tract walls, tongue, cheek tissue, jaw, and others. By specifically
targeting either the vocal folds or the tracheal walls, these EM sensors
provide information on their response to pressureand to air-flow.
However the signals from these two types of tissuesare very different in
both shape and amplitude. EM sensor measurementstaken at the
laryngeal prominence location are due to the changing configur ations of
thevocal folds. In contrast, EM sensor measurementsof air pressure
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induced sub-glottal, tracheal wall movements ar e shown experimentally
and analytically to be associated with a nominal 10-20 micrometer wall
movements. This movement isassociated with anterior tracheal wall
motion (not posterior wall movement). Similar signalsare measured
from supra-glottal vocal tract walls, and from theinner walls of the oral
cavity. The association of a voiced excitation function of speech (and
other functions) with these signalsisuseful for many applications.
Continued work to define the ranges of validity and accuracy is
desirable.

For specific applications, the EM sensor circuitry should be
optimized for thetissuesthat they areto measure. Some considerations
arethe appropriate body surface location, the area of target, the rate of
movement, and the internal location of the articulator target. In
addition, the presently used radar-like sensor (i.e.,, GEMs) isa single
inter nal-reference interferometer that uses one antenna for transmitting
and a second for receiving. Whileitssignal vs. distance pattern has
been of usefor theseinitial measurements, the deviceis much too
sensitive to small location movements, on the order of a millimeter or
two, than isacceptablein clinical or commercial applications. Similar
radar sensors are commonly made with two outputs, one called the
“normal” and the second called the “quadrature’ output, which is
shifted 90 degreesin phaseto the normal, (Skolnik 1990). Thesignals
from these two outputs, when processed together, enable stable output
versus distance to be obtained, and they provide data of the type shown
abovefor either thetrachea wall or the vocal folds (or other
articulators), depending upon the user’s applications.

Data from the EM sensorsof thetypeillustrated here are usually
combined with corresponding acoustic data for speech processing
applications. For example, they enablerobust, extremely accurate pitch
detection ( < 1 Hz accuracy) and acoustic signal de-noising better than
10-20 dB reduction, depending on type of noise (Aliph 2002). They also
appear to enable narrow bandwidth speech compression (200-400 Hz
bandwidth), and preliminary experimentsindicate that speaker
verification is possible with error rateslessthan 1:1000 (Gable 2000).
In addition these sensor s can be used in a non-contact mode and can
measur e other vocal articulator movements (Holzrichter 1999). These
relatively new EM sensors are becoming increasingly economical, use
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very little power, and can be built into a variety of instruments and
commer cial devices.
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APPENDI X A: The homodyne sensor

Normally, one thinks of radar astransmitting an EM wave that
reflects from the skin of an object, returning to thereceiver with a
measur ed time delay that isassociated with the roundtrip distanceto
thetarget (e.g., range gate mode). However for thisapproach to work
with small distance variations, very precisetime information is
required, << 1 sec, and the systems become rather expensive. For
situations wher e absolute distance is not important, but where a precise
measur ement of a small distance variation isrequired, the
interferometric (i.e,, homodyne) radar mode is most effective. In this
mode, the reflected wave is compared to a local wave using a “mixer”
within the sensor, yielding an output that varieswith the cosine of the
relative phase of the two signals, ¢. (Skolnik 1990). In optical
interferometers similar methodsyield the well known “fringe patterns’
with a signal maximum and minimum every 1/4 wave of phase
difference between the reflected wave and thelocal reference (see Fig.
10).

In these systems, the locations of the reflecting surfacesare
indeterminateto 1/4 wave. When using EM waves inside tissue, account
must be taken of the shortening of the wave, in inverse proportion to the
higher index of refraction, which is (dielectric constant)? = ¢ ¥2. In
muscle tissue, with a high water content, € =50, theindex becomes g ¥2
=7 .When cartilage and other types of tissue with lesswater content are
averaged, we use a dielectric constant of 25, and an index of 5. Then the
nominal 13 cm wavein air shortensto about 2.6 cm in the tissues
around the trachea. When tissue movement ismeasured at the most
sensitive part of the“fringe” (i.e., using AC detection at thedark fringe
location), movements < 5 micrometer are easily detected and converted
into tissue movement signalsfor acoustic purposes. Thus, these sensors
have a resolution of at least 1in 10
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Fig. 10: Illustration of aradar interferometric measurement wherethe planerepresentsa

reflection from a tissueinterface. The beam splitter represents a method of obtaining areference
wave, which in an electronic circuit can be a signal tap effected by aresistor or other circuit
elements. Themixer isusually adiode, in which thereference and reflected beam are multiplied
leading to a “ base band” (i.e., low frequency sensor output signal) and a 2" harmonic signal (e.g., at
4.6 GHZz) of theradar wavethat isnot used. The base band signal is proportional to the amplitude A
(of the product of the amplitudes of the reference*reflected waves) timesthe cosine of the phase
difference, ¢, between thereference and thereflected waves. Thisgivesthe“average” reflectivity of
thetargeted interface versustime. Thedatainsert isfrom Burnett 1999.
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When the present sensor is placed near the human body, all
dielectric interfacesin the beam path will reflect some of the wave
energy. However, the multiple sour ces and the interferometric
ambiguities are often not important, because only one moving tissue
interface, with a specific frequency of movement, isin thefield of view
of the sensor’s EM wave. The EM sensors used in experiments such as
the onesdescribed hereare AC filtered, producing signals only from
thoseinterfacesthat move at ratesthat passthrough one or morefilter
bands. Inthe GEMs sensor, signals are high-passfiltered, > 70 Hz.

L ower frequency signals, associated with vocal fold ad- or abduction,
breathing, artery wall expansion and contraction, and other slow
movements, are not measured. For other applications, GEMs-like
sensor s can be designed with one or morefilter bandsto measure slower
or faster tissue movements.

A further consideration isthat objects such asair tubesor vocal
fold structures, when they are approximately the size or smaller than
the EM wavelength (in the tissue) of about 2.6 cm, will cause the wave to
diffract rather than follow simple ray-opticsreflection or refraction
trajectories. These effects are difficult to estimate without the aid of
computer simulation. In addition the strength of the reflected wave
from any given interface depends on several factors. They include
primarily the cross sectional size of thereflecting interface and the
magnitude of the dielectric discontinuity (e.g., from an air tube with € =
1 to a smooth-muscle wall with € = 50). In addition, the attenuation of
the propagating wave by scattering and absor ption of the tissues
themselves, aswell as diffraction and refraction effects must be followed
for an accurate description of thetargeted tissue responses.

Finally, when following a speech articulator’srapid movements
(in the casesin this paper), the objective isto measure changesin the
interface positions (or shapes), from one timeto another. When the
homodyne sensor islocated with respect to the targeted tissue interface,
the phase between the local and the wavereflected back to the sensor
should be closeto /2 for maximum signal strength. For example, by
moving the GEM s sensor by a few mm, this maximum can usually be
found experimentally. Under this condition, the phase of the moving
target interface becomes ¢ = m/2 + Ad(t) , where Ap(t) isa small phase
proportional to two timesthetissue target movement. Then the normal
homodyne signal, which is proportional to the cosine between the
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reflected signal and the reference, is cosine ( /2 + A¢(t)), but using a
trigonometric identity this cosine becomessin (A¢(t) ) , whichinturnis
proportional to A¢(t) for small motions. For large tissue movements
(see Fig. 10), thefull formulafor the signal = const. A * cos (¢ ) must be
used.

While the above discussion holdsfor singlereference
interferometric radar sensors, a second internal reference can be added
which measuresthe “ quadrature” reflection. ( Skolnik 1990). The
reason the second signal is“in quadrature” isthat it measuresthe phase
of thereflected signal that ism/2 out of phase with the normal signal.
Thisisa common practicein such interferometric radar becauseit is
usually not acceptable for the signal to drop to zero at a null position, or
to change sign depending on the sensor-target distance. With such a
guadrature system, the signal from tar geted tissue can always be
detected.

In addition, antennasfor directing EM wavestoward specific
body locations have not been discussed. The GEMs sensor does not
have a focusing antenna. However, an EM beam can befocused to a
transver se dimension of approximately the EM sensor’swavelength in
thetissue, or to about 4 cm in transver se extent for 2.3 GHz waves.
Focal patternscan be obtained as needed by using the focusing
properties of the high dielectric material in which the targeted tissue
interfaces are located, and by appropriate antenna design.
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APPENDIX B: EM wave propagation in throat structures.

A precisetransfer of amplitude-of-motion ver sus signal-level-
calibration for free-air targets, to the measurement and deter mination
of an internal tissue element’s movement isdifficult. To precisely
calibratethe GEM s signal vs. absolute motion of the posterior tracheal
wall or avocal fold structure, buried in adielectric neck, requiresmore
information than isreasonably obtainable. However approximate
estimates of the “ effective distance” from the sensor’santennasto the
tar geted tissue, the losses, the focusing effects, and thereturn path were
made asfollows. The measurements of the posterior tracheawall, at a
location 3-5 cm below the vocal folds, isconsidered first. The EM wave
leaves the sensor’ stransmit antenna, horizontally polarized (in the
coronal plane), which radiatesisotropically (Poland 2001) However,
when the sensor is contacted to the neck tissue, a1 - 10% coupling of the
radiated ener gy to the neck tissueisestimated. Asthe EM wave crosses
the skin, it loses about 50% of the signal dueto Fresnel reflection from
the low to high index of refraction interface. It isthen focused by the
cylindrical curvature of theneck. Also, the apparent geometrical
distance from the antennato thetargeted tissueis shortened dueto the
high index of refraction of thetissue, n. Thisprocessiscalled
brightness enhancement (Born and Wolf 1965) increases the signal by n?
. These processesincrease the EM wave intensity in the direction of the
targeted posterior tracheal wall by a factor of about 50.

On itsway to the posterior wall, the EM wave first contactsthe
anterior tracheawall. Thereflection from thiswall isassociated with a
movement of 5 - 20 micronswith the air pressure changes, it will reflect
EM waves strongly back to the sensor, giving a signal estimated and
measur ed to be about 40 mV. After partially reflecting from the
anterior wall, the EM wave continuesto propagate (i.e., it evanesces)
along the side walls of the tracheal air tubeto the posterior wall. It loses
afactor of about 3-5in amplitude dueto theincapacity of the waveto
propagate efficiently directly across (i.e, inside) the air tube. Then the
EM wave partially reflects (i.e., scatters) from the posterior wall, along
asimilar path back tothereceiver antenna. Asthe wavesleave the skin,
theinverse of brightness enhancement occurs. For example, 2-D and 3-
D simulations show that 1% of the signal entering the neck returnsto
the antenna from the posterior tracheal wall. They also show that
typically 0.8 % variations of this 1% -reflected wave occur asthe
posterior wall moves 10-20 microns under pressure excursions.
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In the case of signals associated with EM wave reflections from
the vocal folds, propagation phenomena similar to those described
abovefor thetrachea begin to take place. Then the EM waveiscarried
into the tracheal tube by the effect of the high dielectric constant (i.e.,
high index of refraction) vocal fold membrane. Thereit both reflects
from the glottal opening in the membrane and, at the sametime, the
wave forward scatters such that it continuesto therear wall of the
larynx and then reflects back. The changesin location of the reflecting
surfaces of the glottal opening, asthe glottis enlarges and contracts,
cause changesin both the amplitude and phase of thereflected EM
waves which cause an AC sensor signhal change of about 20-40%,
depending on the glottal opening area (see Fig. 10). Thisleadsto GEMs
signalstypically 30x greater than that those detected when the sensor is
placed well below the vocal folds, where only tracheal wall movements
are sensed.
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